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Floral Induction and Florigen Minireview
that they are not sensitive to environmental cues. TheMilo J. Aukerman and Rick M. Amasino
Department of Biochemistry extent to which environmental-response pathways ver-
sus autonomous pathways control flowering varies420 Henry Mall
University of Wisconsin among plant species. Even within a species there are
often photoperiod-responsive and -nonresponsive typesMadison, Wisconsin 53706-1569
that exist naturally or as a result of induced mutations.
In fact the analysis of a spontaneous mutation that con-
verted a variety of tobacco that normally flowers inde-Inductive processes play an important role in the devel-
opment of multicellular organisms. From a develop- pendently of daylength toa variety (Maryland Mammoth)
that required exposure to short days for flowering facili-mental biologist's perspective, induction can be broadly
defined as the effect on the developmental pathway of tated the discovery of photoperiodism in plants (Garner
and Allard, 1920).one group of cells by a substance displayed by or emit-
ted from another (Slack, 1991). In plants, the phenome- Studies of photoperiod-responsive plants led to the
development of the florigen hypothesis: leaves perceivenon commonly referred to as floral induction fits this
broad definition of an inductive process: cells within the inductive photoperiods and subsequently produce a
signal that is translocated from the leaves to SAMs togrowing tip of the plant switch from a vegetative to a
reproductive mode of development in response to a initiate the floral transition (Chailakhyan, 1936). This sig-
nal has been referred to as florigen although the chemi-signal emitted from cells in another location, for instance
the leaves. Unlike the classic type of induction described cal nature of the signal is not known. Although the term
florigen implies a single compound (a unique floweringin animals, the inductive signal involved in flowering can
travel over a long distance, from its source in the leaves hormone), the flowering signal may be a mixture of sev-
eral components (Bernier et al., 1993). Regardless ofto thegrowing tip, and in this respect the inductive signal
behaves more like a hormone or group of hormones. the nature of the signal, there is much evidence that
translocatable signals regulate flowering (Zeevaart, 1984).The growing tip of a plant shoot is a population of
stem cells, referred to as the shoot apical meristem For example, applying inductive photoperiods only to
leaves causes flowering at the SAM. Moreover, a flow-(SAM), that gives rise to the tissues of the above ground
parts of the plant. In the first phase of the plant life cycle, ering signal can be transmitted through a graft union
from a photoperiodically induced shoot or even from athe SAM forms primordia that divide and differentiate
into leaves (Figure 1). Upon floral induction, the SAM leaf to a noninduced graft partner (Figure 2). It has also
been known for some time that the control of floweringforms primordia that develop into flowers. In order to
optimize seed production and to ensure that seed set by translocatable signals is not restricted to species that
respond to photoperiod. Grafting studies demonstrateoccurs during the appropriate season, plants have
evolved a complex set of regulatory pathways to control that flowering signals can be transmitted from a photo-
period-responsive to a photoperiod-insensitive plantwhen this floral transition occurs. These regulatory path-
ways are of two general types. One type involves path- (Lang et al., 1977) or between photoperiod-insensitive
plants (McDaniel et al., 1996). It is tempting to speculateways designed to sense environmental cues such as
changes in daylength, temperature, or soil moisture. For that there is a universal flowering signal used by all
higher plants, but grafting studies do not provide strongexample, many plant species have evolved photope-
riod-responsive pathways (some species are induced evidence for this because grafting is only possible be-
tween related species, and it is expected that the natureto flower by long days, whereas other species flower
earlier in response to short days). The second class of of flowering signals would be conserved in related
species.pathways are those that involve the state of develop-
ment. For example, many plant species must pass Whereas much progress has been made in identifying
the molecules involved in inductive processes in ani-through a juvenile phase during which they are not com-
petent to initiate flowering. These developmental path- mals, the molecular basis of floral induction in plants
has remained a mystery. A molecular genetic approachways are often referred to as autonomous to indicate
Figure 1. Longitudinal Sections through a
Vegetative (Left) and a Reproductive (Right)
Shoot Apical Region of Arabidopsis thaliana
The shoot apical meristem (SAM) forms leaf
primordia (P) during vegetative growth (left),
and after the transition to flowering (right) the
SAM forms floral primordia that develop into
floral buds (FB) and ultimately flowers. (Pho-
tographs provided by V. Grbic and M. Nelson
and assembled and labeled by E. Himelblau.)
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(Weller et al., 1997a). How the activation of photorecep-
tors leads to signal production in photoperiod-respon-
sive plants or how signals are generated in autono-
mously flowering plants is not clear. In this issue of Cell,
Colasanti et al. (1998) provide the first example of a gene
other than a photoreceptor that is clearly involved in the
production or transmission of a flowering signal. Their
studies of the maize INDETERMINATE1 (ID1) gene sup-
port the notion of a signal emitted from the leaves that
is translocated to the SAM where it induces flowering.
The floral transition in maize results in the formation
of a terminal cluster of pollen-producing flowers (tassel)
and one or more axillary egg-producing flowers (ears).
The terminal and axillary shoot meristems areconsumed
by the formation of the tassel and ears, and hence flow-
ering can be considered a switch from an indeterminate
to a determinate mode of growth. In the id1 mutant, the
terminal shoot meristem continues to display vegetative
(i.e., indeterminate) growth well past the time at which
wild type flowers (Colasanti et al., 1998). Furthermore,
the inflorescences that finally do emerge in the id1 mu-
tant display vegetative characteristics. This late-flow-
ering, indeterminate phenotype in the loss-of-function
id1 mutant indicates that ID1 is needed to promote the
conversion from vegetative to reproductive growth, i.e.,
that it is involved in some aspect of floral induction. The
expression pattern of ID1 provides an important clue as
to how it participates in floral induction. Colasanti et al.
(1998) found that there is no detectable ID1 expression
in the SAM, but ID1 is expressed in immature leaves.
That ID1 affects the floral transition at the SAM but is
expressed only in tissues outside of the SAM implicates
ID1 in floral signaling.Figure 2. Graft Transmission of Flowering in Bryophyllum diagrem-
ontianum The observation that only immature leaves express
On the left is a stock (bottom) that retains two photoperiodically the ID1 gene product correlates well with recent studies
induced leaves and causes a noninduced shoot (receptor) above demonstrating that a maize shoot apex dissected away
the graft junction to flower (after grafting, the grafts were kept in from the rest of the plant and allowed to develop in
noninductive photoperiods). On the right is the control: a nonin- culture retains a ªmemoryº to flower after forming the
duced stock grafted to a noninduced receptor. The leaves of the
same number of leaves as a SAM on the intact plantreceptor were continually removed in both grafts (until flowering
provided that four to six of the youngest leaf primordiawas initiated in the graft on the left) to ensure that the leaves of the
are left attached (Irish and Jegla, 1997). Presumablystock were supplying metabolites to the receptor meristem and
were thus capable of transmitting a flowering signal. These grafting those leaf primordia are the same ones that express ID1
experiments were performed by Jan Zeevaart at Michigan State and provide a flowering signal to the shoot apex. The
University. fact that in maize the signal emanates from immature
leaves might indicate a different type of signaling than
seen in certain dicots where more mature leaves are the
to the study of floral induction has the potential to reveal source of the flowering signal (see, for example, Figure
some of the genes involved in the generation, transmis- 2). In fact, the signaling in maize may be more reminis-
sion, and reception of the flowering signal, and hopefully cent of the aforementioned classic induction observed
to provide clues that will be used to identify the signal in animals, because immature leaves are more proximal
itself. Mutations in flowering-pathway genes result in to the SAM (the target of induction), and thereforesignal-
plants that flower either later or earlier than normal, and ing is over a shorter distance. It would be interesting to
such loss-of-function mutations identify genes involved delineate the boundaries of ID1 expression in immature
in the promotion of flowering (late-flowering mutants) leaves relative to the SAM by in situ hybridization of
or its inhibition (early-flowering mutants). One class of longitudinalsections for example, to determine the prox-
genes obviously involved in the generation of flowering imity of the inducing tissue to the SAM.
signals during inductive photoperiods are the photore- In a second set of experiments that elegantly comple-
ceptors involved in measuring daylength. In Arabidopsis ment their expression studies, Colasanti et al. (1998)
thaliana, mutants in a particular phytochrome (a red light analyzed plants that were chimeric for ID1 function. The
receptor) and in a blue light receptor are compromised mutant allele of id1 analyzed in this paper was due to
in the ability to flower in response to inductive photoperi- the insertion of a transposable element, and excision
ods (Johnson et al., 1994; Reed et al., 1994; Guo et al., of this element during development generates clonal
1998), whereas in pea a phytochrome appears to be sectors of wild-type ID1 function against an overall mu-
tant id1 background. It was found that chimeric id1the primary light receptor involved in photoperiodism
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plants containing sectors of restored ID1 function flow- for maintenance of the reproductive state within the
SAM, which is the case in some dicots. For example,ered earlier than fully mutant id1 plants, even though
the SAMs of these chimeric plants remained mutant. Impatiens balsamina can be induced to flower by short-
day treatments, but if flowering plants are returned toThus, ID1 appears to function in a non-cell-autonomous
manner, and this observation in combination with the noninductive long-day photoperiods, the flowering SAMs
revert to vegetative growth, presumably due to the dimi-expression data provides compelling evidence for its
involvement in signaling from leaves to the apex. nution of the flowering signal that is produced by leaves
only in inductive photoperiods (Pouteau et al., 1997).Another approach to determine the role of certain
genes in floral induction is to create genetic chimeras Thus, commitment does not appear to occur within the
meristems, but rather the meristems form either vegeta-by grafting mutant SAMs to wild-type shoots and vice
versa. In pea, for example, grafting studies have estab- tive or reproductive structures depending on the signals
received. Anotherpossible model for themixture of florallished that certain loci controlling flowering time affect
the production of flowering signals in the leaves whereas and vegetative structures in the id1 mutant is that ID1
activity is not required for maintenance once the floralothers act at the SAM to perceive and transduce the
signals (reviewed by Weller et al., 1997b). However, none conversion of a meristem is complete but that the meri-
stems are never fully converted to a floral state becauseof the pea genes have yet been cloned, and therefore
their specific role cannot be studied at the molecular the flowering signal is not of sufficient strength or is
lacking a critical component due to the id1 lesion. In-level. In Arabidopsis, several genes have been isolated
complete conversion of organs to flowers can also nor-that, based on their mutant phenotype, are known to
mally occur in Arabidopsis: structures with both vegeta-control flowering time (Lee et al., 1994; Putterill et al.,
tive and reproductive characteristics are occasionally1995; Macknight et al., 1997). None of these genes are
formed during the initial stages of the floral transition,expressed exclusively in either the SAM or in leaves,
and the frequency with which these structures areand thus their expression pattern alone does not permit
formed is increased by weakly inductive conditions suchany speculation as to their possible role in signal genera-
as exposure to only a single inductive photoperiodtion or reception. Grafting vegetative tissues in Arabi-
(Hempel and Feldman, 1995). Regardless, once the Ara-dopsis has proven quite difficult, and other methods will
bidopsis SAM starts to initiate flower formation the floralbe necessary to generate the genetic chimeras neces-
state becomes self-perpetuating; floral reversion of thesary to determine, for example, whether the genes func-
type seen in Impatiens has not been observed in Arabi-tion cell-autonomously. There has been one report of
dopsis. This self-perpetuating flowering state could bethe use of clonal analysis to study the Arabidopsis flow-
due to continued production of flowering signals inde-ering-time gene FCA in this regard that indicates that
pendent of, for example, inputs like inductive photoperi-FCA, like ID1, acts non-cell-autonomously (Furner et al.,
ods, or it could be due to the floral state of the SAM1996), but it was not possible in this study to determine
itself becoming independent of flowering signals. Thewhether FCA acts within or outside of the SAM.
floral meristem identity genes (Okamuro et al., 1996)Varieties of maize grown in temperate regions are
and, to a lesser extent, some of the flowering-time genesrelatively day-neutral and early-flowering, whereas the
(Ruiz-Garcia et al., 1997) appear to play a role in theprogenitors of maize and many varieties currently grown
self-perpetuation of flowering in Arabidopsis.in tropical climates exhibit a stronger response to photo-
What is the nature of the mysterious signals that regu-period and are induced to flower by short days. The
late flowering? The work of Colasanti et al. (1998) doesearlier flowering, relatively day-neutral habit is neces-
not provide a direct answer, although the authors notesary to permit the maize crop to mature in the shorter
that one potential signal could be the ID1 mRNA orgrowing seasons of temperate regions.One of thepossi-
protein itself because macromolecules can move fromble models of how certain varieties of maize became
cell to cell and through the vascular system in plants.day-neutral is through alterations in the regulation of
Alternatively, ID1 may be involved in activating othergenes such as ID1. Perhaps in photoperiod-responsive
genes that produce a signal in immature leaves. Onevarieties ID1 activity increases in inductive photoperi-
approach to explore the nature of the signal would beods, whereas in day-neutral varieties ID1 expression
to determine if molecular differences (other than the ID1might be constitutive. The feasibility of such a model is
gene itself) can be identified in the immature leaves ofsupported by studies of CONSTANS (CO), an Arabi-
id1 mutants compared to wild type. It is possible thatdopsis gene involved in the photoperiod-response path-
the actual signal is a mixture of both positively andway. The expression of CO increases during inductive
negatively acting components. Regardless, furtherstud-photoperiods (Putterill et al.,1995), but transgenic plants
ies on the ID1 gene will likely contribute to the identifica-in which CO is expressed from a constitutive promoter
tion of the molecular nature of the flowering signal.are early-flowering and day-neutral (Simon et al., 1996).
It would therefore be interesting to determine whether
Selected ReadingID1 displays photoperiodic regulation in photoperiod-
sensitive maize varieties or in relatives such as teosinte. Bernier, G., Havelange, A., Houssa, C., Petitjean, A., and Lejeune,
In addition to their late-flowering phenotype, id1 mu- P. (1993). Plant Cell 5, 1147±1155.
tants ultimately form ªtasselsº and ªearsº that display a Chailakhyan, M.K. (1936). C. R. (Dokl.) Acad. Sci. USSR 13, 79±83.
range of vegetative characteristics. Given the proposed Colasanti, J., Yuan, Z., and Sundaresan, V. (1998). Cell 93, this issue,
role of ID1 in signaling, Colasanti et al. (1998) note this 593±603.
would indicate that ID1-dependent flowering signals are Furner, I.J., Ainscough, J.F.X., Pumfrey, J.A., and Petty, L.M. (1996).
Development 122, 1041±1050.required in maize not only for floral initiation but also
Cell
494
Garner, W.W., and Allard, H.A. (1920). J. Agric. Res. 18, 553±606.
Guo, H., Yang, H., Mockler, T.C., and Lin, C. (1998). Science 279,
1360±1363.
Hempel, F.D., and Feldman, L.J. (1995). Plant J. 8, 725±731.
Irish, E., and Jegla, D. (1997). Plant J. 11, 63±71.
Johnson, E., Bradley, M., Harberd, N.P., and Whitelam, G.C. (1994).
Plant Physiol. 105, 141±149.
Lang, A., Chailakhyan, M.K., and Frolova, I.A. (1977). Proc. Natl.
Acad. Sci. USA 74, 2412±2416.
Lee, I., Aukerman, M.J., Gore, S.L., Lohman, K.N., Michaels, S.D.,
Weaver, L.M., John, M.C., Feldmann, K.A., and Amasino, R.M.
(1994). Plant Cell 6, 75±83.
Macknight, R., Bancroft, I., Page, T., Lister, C., Schmidt, R., Love,
L., Westphal, L., Murphy, G., Sherson, S., Cobbett, C., and Dean,
C. (1997). Cell 89, 737±745.
McDaniel, C.N., Hartnett, L.K., and Sangey, K.A. (1996). Plant J. 9,
55±61.
Okamuro, J.K., den Boer, B.G.W., Lotys-Prass, C., Szeto, W., and
Jofuku, K.D. (1996). Proc. Natl. Acad. Sci. USA 93, 13831±13836.
Pouteau, S., Nicholls, D., Tooke, F., Coen, E., and Battey, N. (1997).
Development 124, 3343±3351.
Putterill, J., Robson, F., Lee, K., Simon, R., and Coupland, G. (1995).
Cell 80, 847±857.
Reed, J.W., Nagatani, A., Elich, T.D., Fagan, M., and Chory, J. (1994).
Plant Physiol. 104, 1139±1149.
Ruiz-Garcia, L., Madueno, F., Wilkinson, M., Haugn, G., Salinas, J.,
and Martinez-Zapater, J.M. (1997). Plant Cell 9, 1921±1934.
Simon, R., Igeno, M.I., and Coupland, G. (1996). Nature 384, 59±62.
Slack, J.M.W. (1991). From Egg to Embryo: Regional Specification
in Early Development (Cambridge: Cambridge University Press).
Weller, J.L., Murfet, I.C., and Reid, J.B. (1997a). Plant Physiol. 114,
1225±1236.
Weller, J.L., Reid, J.B., Taylor, S.A., and Murfet, I.C. (1997b). Trends
Plant Sci. 2, 412±418.
Zeevaart, J.A.D. (1984). In Light andthe Flowering Process, D. Vince-
Prue, B. Thomas, and K.E. Cockshull, eds. (Orlando, FL: Academic
Press), pp. 137±142.
